Three-dimensional cell cultures, such as spheroids and organoids, serve as increasingly important models in fundamental and applied research and start to be used for drug screening purposes. Optical tissue clearing procedures are employed to enhance visualization of fluorescence-stained organs, tissues, and three-dimensional cell cultures. To get a more systematic overview about the effects and applicability of optical tissue clearing on three-dimensional cell cultures, we compared six different clearing/embedding protocols on seven types of spheroid-and chip-based threedimensional cell cultures of approximately 300 µm in size that were stained with nuclear dyes, immunofluorescence, cell trackers, and cyan fluorescent protein. Subsequent whole mount confocal microscopy and semi-automated image analysis were performed to quantify the effects. Quantitative analysis included fluorescence signal intensity and signal-to-noise ratio as a function of z-depth as well as segmentation and counting of nuclei and immunopositive cells. In general, these analyses revealed five key points, which largely confirmed current knowledge and were quantified in this study. First, there was a massive variability of effects of different clearing protocols on sample transparency and shrinkage as well as on dye quenching. Second, all tested clearing protocols worked more efficiently on samples prepared with one cell type than on co-cultures. Third, z-compensation was imperative to minimize variations in signal-tonoise ratio. Fourth, a combination of sample-inherent cell density, sample shrinkage, uniformity of signal-to-noise ratio, and image resolution had a strong impact on data segmentation, cell counts, and relative numbers of immunofluorescence-positive cells. Finally, considering all mentioned aspects and including a wish for simplicity and speed of protocols -in particular, for screening purposes -clearing with 88% Glycerol appeared to be the most promising option amongst the ones tested.
INTRODUCTION
In the human body, cells grow in clusters, organizing themselves into function-specific tissues and multifunctional organs in all three spatial dimensions. Since in vitro monolayer cell cultures do not sufficiently reflect this attribute, they have often been considered to be limited in representing the physiology of organs and tissues (Imamura et al., 2015; Hafner et al., 2017) . In two-dimensional (2D) cell culture models, the lack of comprehensive interaction among cells via cell-cell-contacts and between cells with their surrounding extracellular matrix can lead to non-physiological morphology, gene expression, and cellular behavior (Zschenker et al., 2012; Luca et al., 2013) . The absence of nutrient and oxygen gradients, as well as restricted migration potential grown on a plastic surface, further contribute to a limited representation of physiology in 2D in vitro systems (Duval et al., 2017) . During the last decade, there has been a substantial increase in the use of three-dimensional (3D) cell culture models in a large variety of biological fields, ranging from developmental biology (Lancaster et al., 2013) to oncology (Fong et al., 2016; Drost and Clevers, 2018) and drug discovery (Alepee et al., 2014) .
Coarsely, 3D-in vitro models can be divided into matrixsupported and matrix-free models (Wang et al., 2014) . Amongst others, hydrogels, decellularized matrices, porous polymers, and nanofibers might serve as scaffolds in static or dynamic experimental setups can be designed (Das et al., 2015; Carvalho et al., 2017) , e.g., in organ-on-a-chip systems (Bauer et al., 2018; Hübner et al., 2018) . With respect to matrix-free 3D cultures, spheroids are common due to their ease and reliability of production. Currently, numerous 3D-spheroid models for tissues like skin and its pathological conditions (Chiricozzi et al., 2017; Klicks et al., 2019) , tumor (Shroyer, 2016) , intestine (Pereira et al., 2016) , skeletal muscle (Khodabukus et al., 2018) , or brain (Lee et al., 2017) are available.
Despite the widespread usage of 3D-cell culture models, there is much potential for optimization in related analytical downstream processes. The analysis of cell type or marker protein distribution in fixed frozen or paraffin-embedded biological 3D samples typically uses tissue sectioning followed by immunohistological staining, and confocal laser scanning microscopy (CLSM). Due to the time-consuming preparation, potential loss of tissue sections, and the cumbersome reconstruction of spatial 3D-information, such samples are mostly analyzed only partially (Leong, 2004; Berlanga et al., 2011; Marchevsky and Wick, 2015) . In addition, this method is destructive and not compatible with high throughput. In samples with homogeneous distribution of cells and effects, this technique might yield representative results (Grootjans et al., 2013; Rohe et al., 2018; Laugisch et al., 2019; Roelofs and De Bari, 2019) . However, heterogeneous distribution of different cell types or effects in more complex in vitro culture models, such as tumor co-or triple cultures or stem cell-derived organoids, might yield non-representative data upon classical sectioning (Wu and Swartz, 2014; Renner et al., 2017) . To circumvent these issues, in toto immunofluorescence of the intact sample followed by whole mount imaging with confocal or light sheet microscopy can be used (Mertz, 2011) . However, penetration of light into biological samples is usually limited to around 50-70 µm. Primarily, this is due to light scattering caused by refractive index (RI) mismatches at the interfaces between biological tissue components, such as proteins, water, and lipids (Schmitt and Kumar, 1998) . Accordingly, reduction of RI mismatches renders biological tissues optically transparent. Several different optical tissue clearing methods have been developed in the recent years, aiming to improve optical transparency and thus enable fluorescence imaging deep within tissues (Silvestri et al., 2016; Tainaka et al., 2016) . Methods based on organic solvents, such as BABB (benzyl alcohol, benzyl benzoate) (Dodt et al., 2007) , 3DISCO (3D imaging of solvent-cleared organs) (Erturk et al., 2012) , iDISCO (immunolabeling-enabled three-dimensional imaging of solvent-cleared organs) (Renier et al., 2014) and uDISCO (ultimate DISCO) (Pan et al., 2016) are based on combinations of dehydration, delipidation, and homogenization of RI at around 1.55. Although fast, extensive removal of lipids can be detrimental (Ariel, 2017) . Furthermore, tissue shrinkage and the use of toxic chemicals, which can affect fluorophore stability, are of disadvantage. Conversely, water-based high-RI solutions provide a more protein-friendly environment and do not affect fluorophore stability as much as organic solvents. Here, RIs of approximately 1.44-1.48 can be achieved by using high concentrations of sugars, such as sucrose or fructose (Tsai et al., 2009; Ke et al., 2013 Ke et al., , 2016 Hou et al., 2015) . However, these solutions often exhibit a high viscosity.
Commercially available ready-to-use tissue clearing products, such as FocusClear (Chiang et al., 2002) and RapiClear are convenient but costly. Furthermore, aqueous high-RI solutions often display limited clearing efficiency in larger tissues, making them more adequate for smaller structures, such as spheroids, organoids, or tissue slices (Ariel, 2017) . In contrast to these methods, hyperhydrating clearing protocols reduce the RI of tissue to ∼ 1.38-1.48 and often employ removal of light scattering molecules. For example, the Scalemethod (Hama et al., 2011) uses a combination of delipidation, maintenance of the aqueous environment, and urea-mediated tissue hydration, which partially denatures and hydrates high-RI proteins (Richardson and Lichtman, 2015) . Implementation of amino alcohol-mediated tissue decolorization shortened clearing times, leading to methods such as ScaleCUBIC (Scale clear, unobstructed brain imaging cocktails and computational analysis) (Susaki et al., 2014) and ScaleS (sorbitol-based Scale) (Hama et al., 2015) . Detergent-free hyperhydrating clearing methods (Kuwajima et al., 2013 ) make use of gradients of aqueous formamide solutions (Clear T ), or formamide and polyethylene glycol (Clear T2 ). To prevent excessive protein-loss by strong detergents or masking of epitopes by proteindenaturation, tissue transformation methods, such as SWITCH (system-wide control of interaction time and kinetics of chemical) (Murray et al., 2015) , CLARITY (clear lipid-exchanged acrylamide-hybridized rigid imaging/immunostaining/in situ hybridization-compatible tissue-hYdrogel) (Chung et al., 2013) , and its derivates include embedding of tissue into a gel-like structure. Despite their great clearing performance, clearing time can vary and technical implementation is complex.
While most available clearing methods were established and optimized in whole organs and tissues, they have recently also been implemented into the analytical pipelines with 3Dcell culture models (Chen et al., 2013 (Chen et al., , 2016 Wenzel et al., 2014; Dingle et al., 2015; Kabadi et al., 2015; Masson et al., 2015; Grist et al., 2016; Schmitz et al., 2017; Smyrek and Stelzer, 2017; Costa et al., 2018a; Desmaison et al., 2018) . As for organs (Xu et al., 2019) , alterations in optical clearing efficiency between different cell types/lines were also observed in 3D-in vitro systems (Dingle et al., 2015; Boutin et al., 2018) , but systematic studies in that respect have been missing. Therefore, our aim was to compare different optical clearing protocols on a set of spheroids and complex 3D-co-culture systems with respect to maintenance of sample integrity, clearing efficiency, and downstream automated analysis.
MATERIALS AND METHODS
A list of all cell lines and reagents used in this study can be found in Table 1 and Supplementary Table S1 , respectively.
Cell Culture
To investigate the influence of optical tissue clearing protocols on cells of different origin and 3D-cultivation methods, a total of seven tumorous and non-malignant cell lines was chosen for the generation of mono-and tri-culture spheroids, and a microcavity array-based co-culture model: human keratinocyte cell line HaCaT, human induced pluripotent stem cell-derived neural precursor cells B7_033#1NPC1, human fibroblast cell line CCD-1137SK, colorectal adenocarcinoma-associated HT29 cells, human tongue cell line HTC-8, melanoma cell line SK-MEL-28, and the stably transfected, breast cancer-associated cell line MDA-MB-231-ECFP. All cell lines were repeatedly authenticated by phenotypic analysis and regularly tested for mycoplasma.
Spheroid Generation
For all mono-and tri-culture spheroids used in this study, the appropriate amounts of cells were seeded onto ultra-low attachment (ULA) 96-well U-bottom plates (Corning) in their corresponding medium and centrifuged at 300 rpm for 5 min. All cells were maintained in a humidified incubator at 37 • C and 5% CO 2 and, with the exception of a melanoma tri-culture model, kept in culture until reaching a diameter of ∼ 300 µm.
HaCaT Spheroids
The human keratinocyte cell line HaCaT (B.R.A.I.N. AG) was cultured in Dulbecco's Modified Eagle Medium (DMEM, Capricorn) supplemented with 1% penicillin/streptomycin (Pen/Strep, Sigma-Aldrich) and 10% fetal bovine serum (FBS, Capricorn). For spheroid generation, cells were detached using Trypsin/EDTA (Sigma-Aldrich) and seeded onto 96-well ULA plates at a concentration of 9 × 10 3 cells per well. A diameter of ∼300 µm was reached after four days of cultivation.
B7_033#1NPC1 Spheroids
The human iPSC-derived B7_033#1 NPC1 line was kindly provided by S. Horschitz (Hector Institute for Translational Brain Research, Mannheim, Germany) and cultured in DMEM/Ham's F12 + GlutaMAX supplemented with 1% N2 and 2% B27 supplements, 1% GlutaMAX, 1% Minimum Essential Medium Non-essential Amino Acids (MEM-NEAA, all Invitrogen), 1% Pen/Strep and 20 ng/mL FGF-2_Type 147 (Cell Guidance Systems). For spheroid generation, cells were detached using TrypLE (Invitrogen) and seeded onto 96-well ULA plates at a concentration of 1 × 10 4 cells per well. A diameter of ∼ 300 µm was reached after three days of cultivation.
CCD-1137SK Spheroids
CCD-1137SK fibroblast cells derived from human foreskin (ATCC) were cultured in Iscove's Modified Dulbecco's Medium (IMDM, Capricorn) supplemented with 10% FBS and 1% Pen/Strep. For spheroid generation, cells were detached using Trypsin/EDTA and seeded onto 96-well ULA plates at a concentration of 1 × 10 4 cells per well. An average diameter of 300 µm was reached after four days of cultivation.
HT29 Spheroids
HT-29 colon cancer cells (ATCC) were cultured in McCoy's 5A medium (Capricorn) supplemented with 10% FBS and 1% Pen/Strep. For spheroid generation, cells were detached using Trypsin/EDTA and seeded onto 96-well ULA plates at a concentration of 1 × 10 3 cells per well. A diameter of ∼ 300 µm was reached after three days of cultivation.
HTC-8 Spheroids
Human tongue cell line HTC-8 (B.R.A.I.N. AG) was cultured in HTC-medium according to Hochheimer et al. (2014) . For spheroid generation, cells were detached using Trypsin/EDTA and a concentration of 6 × 10 3 cells per well were seeded onto 96-well U-bottom plates. An average diameter of 300 µm was reached after five days of cultivation.
Melanoma Tri-Culture Spheroids
Melanoma tri-cultures were generated according to Klicks et al. (2019) . Briefly, 1 × 10 4 cells of CCD-1137SK cells were seeded, followed by simultaneous addition of HaCaT (1 × 10 4 cells/well) and SK-MEL-28 (ATCC) (2.5 × 10 3 cells/well) after three days. For discrimination of individual cell types, HaCaT and SK-MEL-28 cells were labeled with CellTracker Red CMPTX (10 µM) and CellTracker Green CMFDA (10 µM) dye (both Life Technologies), respectively according to manufacturer instructions for 30 min. Tri-culture spheroids were kept in culture for another two days to reach an average diameter of 300 µm.
Dynarray Co-culture Model
The human breast cancer cell line MDA-MB231-ECFP was maintained in DMEM supplemented with 10% FBS, 1% MEM-NEAA and 1% Pen/Strep. For co-culture experiments in Dynarrays (300MICRONS), MDA-MB-231-ECFP and CCD-1137SK cells were used. MDA-MB-231 (ATCC) were stably transfected with ECFP-C1 plasmid (Addgene) using Nucleofector TM II (Lonza) following the manufacturer's protocol. Briefly, ECPF plasmid was linearized by incubating 10 µg/µL DNA with 10% µL AseI buffer 3.1 (New England Biolabs) and 5% AseI enzyme (New England Biolabs) for 30 min at 37 • C under gentle shaking with 300 rpm. To keep the construct in linear shape, DNA was incubated with alkaline phosphatase (Invitrogen) for 30 min at 37 • C. 1 × 10 6 MDA-MB-231 cells were transfected using Nucleofector II and 2 µg linearized ECFP. CCD-1137SK were labeled with CellTracker Red CMPTX according to manufacturer instructions at a concentration of 10 µM in serum-free medium for 30 min. Prior to cell seeding, Dynarrays were treated with an isopropyl alcohol cascade (100%, 70%, 50%, 30% of alcohol in purified water for 30 s each). After washing twice with purified water, chips were coated for 1 h at room temperature with 30 µg/ml rat tail collagen 1 (Roche) in 0.2% acetic acid and washed once with phosphate-buffered saline (PBS). 2 × 10 6 MDA-MB231-ECFP and 2 × 10 6 CellTracker labeled CCD-1137SK were mixed in 100 µl media and seeded onto Dynarray chips. Following a 3 h incubation at 37 • C in a CO 2 incubator, 10 ml DMEM were added and changed every other day for nine days.
Fixation and Immunofluorescence
Spheroids were transferred into 200 µl PCR-tubes, washed 2 x with PBS and fixed with 4% paraformaldehyde (PFA, Carl Roth) for 1 h at 37 • C, followed by washing twice with PBS containing 1% FBS, for 5 min each. Then, spheroids were quenched with 0.5 M glycine (Carl Roth) in PBS for 1 h at 37 • C with gentle shaking. With the exception of ScaleS clearing protocol, all other optical clearing methods contained the following steps for immunofluorescence: after fixation and PFA-quenching, samples were incubated in penetration buffer for 30 min, containing 0.2% Triton X-100, 0.3 M glycine, and 20% DMSO (all Carl Roth) in PBS to improve penetration of antibodies and nuclear dyes. Spheroids were then washed twice with PBS/1% FBS and incubated in blocking buffer (0.2% Triton X-100, 1% bovine albumin serum (BSA, Carl Roth), 10% DMSO in PBS) for 2 h at 37 • C with gentle shaking. After blocking, samples were incubated with primary antibody overnight (ON) at 37 • C with gentle shaking. Primary anti-KI67 antibody (Merck, rabbit polyclonal antibody) was diluted 1:300 in antibody buffer (0.2% Tween 20, 10 µg/ml heparin (both Sigma-Aldrich), 1% BSA, 5% DMSO in PBS). Samples were then washed 5 times for 5 min each in washing buffer (0.2% Tween 20, 10 µg/mL heparin, 1% BSA) and stained with secondary antibody and nuclear dyes ON at 37 • C with gentle shaking. Corresponding secondary antibody and nuclear dyes were diluted in antibody buffer with the following concentrations: donkey anti-rabbit AlexaFluor488, 1:800; donkey anti-rabbit AlexaFluor647, 1:800; DRAQ5, 1:1000 (all Invitrogen); DAPI, 1:500 (Sigma-Aldrich). Samples were washed subsequently 5 times for 5 min in washing buffer with gentle shaking and then embedded or cleared according to the following protocols, protected from light to prevent bleaching of fluorophores.
Optical Clearing
Embedding in PBS or Mowiol (Sigma-Aldrich) and optical clearing with Glycerol: after immunofluorescence and 24 h prior to imaging, samples were mounted in 18 well µ-slides (ibidi) in either PBS or Mowiol. Glycerol-based RI matching was performed according to Williams et al. (2019) by immersion of stained spheroids in an aqueous solution of 88% Glycerol (RI 1.459) ON at RT with gentle shaking, followed by mounting on 18 well µ-slides in the same solution. All procedures were executed with minimal exposure to light. After mounting, spheroids were always kept in the microscope room for several hours to allow for temperature adjustment prior to microscopy.
Clear T2
This was performed according to Dingle et al. (2015) . Briefly, fixed spheroids were incubated for 10 min at RT in a solution of 25% formamide/10% polyethylene glycol (PEG) (both Carl-Roth), followed by a 5 min incubation in a 50% formamide/20% PEG solution. Finally, samples were immersed in fresh 50% formamide/20% PEG and incubated for 60 min at RT and subsequently mounted. All steps were carried out under gentle movement.
CytoVista
After immunofluorescence staining, remaining liquid was carefully removed from samples, followed by ON immersion at RT in 30 µL of CytoVista Tissue Clearing Reagent (Invitrogen). Then, spheroids were mounted in ibidi 18 well µ-slides in CytoVista reagent.
ScaleS
An adapted version of the original ScaleS tissue clearing protocol (Hama et al., 2015) for indirect immunofluorescence was used. After fixation, spheroids were immersed ON in S0 solution (20% (w/v) D-sorbitol (Sigma-Aldrich), 5% (w/v) Glycerol (Carl-Roth), 3% (v/v) DMSO in PBS, pH 7.2) to avoid sample floating in subsequent steps. Permeabilization involved adaptation in S0, immersion in A2 (10% (w/v) Glycerol, 4 M urea (Sigma-Aldrich), 0.1% (w/v) Triton X-100 in ddH 2 O, pH 7.7) for 24 h at 37 • C, followed by a 24 h incubation in B4 (0) 8, 9 were acquired with z-compensation. For brightfield microscopy, an Axiovert 25 (Carl Zeiss Microscopy GmbH) was used. Measurement of spheroid diameter and depth-dependent z-axis profile: the average size of each spheroid before and after fixation was determined by measuring the sample diameter twice in a perpendicular angle using the line tool of FIJI (Schindelin et al., 2012) on maximum z-projections made from image stacks acquired by confocal microscopy. For measuring the depthdependent signal intensity, a circular region of interest (ROI) with a diameter of 100 µm was placed in the central region of each spheroid. The ROI area was duplicated from the original image stack and the mean signal intensity determined for each single optical section by using FIJIs function to plot a z-axis profile.
Signal-to-Noise Ratio
For the depth-dependent SNR, ROI-stacks for the measurement of signal intensity were used to determine intensity values of background and nuclear signal. Briefly, a median filter (radius 1) was applied to image stacks from a central region of each spheroid and a threshold range was manually set in upper regions of the sample, to cover areas defined as background, and converted into binary masks. ROIs generated from binary masks were used to automatically measure mean background intensity and standard deviation from the initial image stack. For determination of signal intensity of nuclear dyes, an automated thresholding mechanism was applied independently to each optical section and images were converted into binary masks, which were used to measure signal intensities from initial stacks. SNR was calculated for each optical section and defined as:
where µ depicts mean intensity of signal and σ the standard deviation of background intensity. In order to measure excitation wavelength-dependent differences in SNR, DAPI and DRAQ5 were analyzed.
3D-Segmentation of Nuclei
3D confocal data were pre-processed using Fiji. This included image cropping, splitting of multichannel datasets into single channel stacks to segment cell nuclei and antibody staining separately, background correction, conversion into 8-bit format, and export as tiff files. Segmentation and quantification of stacks was performed with a previously published algorithm (Schmitz et al., 2017) which employs 3D-seeded watershed for segmentation. Parameter values were adjusted using the buildin graphical user interface. The median filter range was set to 3 pixels, local threshold range to 10 pixels, and hole filling range to 1 pixel. For seed detection, Laplace of Gaussian (LoG) with a seed range between 9 and 25 pixels was chosen. The other parameters were applied as default. Post-segmented data were exported as different 3D stacks in tiff format and a XLSX file containing quantitative results.
Statistical Analysis
Statistical analysis employed the program GraphPad Prism 8. Data were tested for normal distribution by Kolmogorov-Smirnov test. For statistical analysis of spheroid size measurements, non-parametric Kruskal-Wallis with Dunn's multiple comparisons test was performed. Analysis of segmentation results was done by one-way ANOVA with Tukey's multiple comparisons test. Significance level α was set to 0.05 with 95% confidence interval and p-values were adjusted to account for multiple comparisons.
RESULTS
To analyze the impact of optical clearing methods on different 3D-in vitro systems of varying complexity, mono-culture spheroids, co-culture spheroids, and chip-based 3D-co-cultures were compared. Mono-culture spheroids were prepared with an average diameter of 300 µm were made of cell lines derived from human keratinocytes (HaCaT), fibroblasts (CCD-1137SK), colon cancer-associated cells (HT29), human tongue cells (HTC-8) and human induced pluripotent stem cell (hiPSC)-derived neural precursor cells (B7_033#1NPC1). The more complex cell cultures consisted of a tri-culture model of skin cancer and a microarraybased co-culture model of human fibroblasts and breast cancer cells (MDA-MB231). For convenience of implementation into the FIGURE 1 | Preservation of fluorescence signal intensity, sample volume and optical transparency is strongly dependent on optical clearing protocol. Upon growth to a diameter of approximately 300 µm, spheroids made of HaCaT keratinocytes were fixed, stained with anti-KI67 (green) and the nuclear dyes, DAPI (gray) and DRAQ5 (red), followed by optical tissue clearing or embedding as indicated and subsequent confocal whole mount microscopy. Images show representative top (Left panels for each staining) and orthogonal (Right panels for each staining) 3D volume projections of single and merged channels after corresponding clearing method. Scale bars, 50 µm. lab routine, we chose to analyze clearing efficiencies of simple clearing protocols Clear T2 , CytoVista, a modified version of ScaleS, and immersion in 88% Glycerol.
Spheroid Clearing Affects Fluorescence, Transparency, and Sample Volume
First, the optical clearing protocols were applied to all monoculture spheroids upon triple-labeling with DAPI, DRAQ5, and anti-KI67 antibody. Alternative to optical clearing with Clear T2 , CytoVista, ScaleS and Glycerol, spheroids were embedded in PBS or Mowiol. As shown in Figure 1 for HaCaT spheroids (for an overview of the other cell types, see Supplementary Figure S1 ), the brightness of DAPI signals varied strongly between the tested clearing methods. In particular, it was decreased in PBS and Clear T2 samples, whereas Mowiol, CytoVista, ScaleS, and Glycerol retained bright DAPI signals. Fluorescence intensities of KI67 and DRAQ5 signals did apparently not differ strongly (Figure 1) . Orthogonal volume projections (Figure 1 , right panels for each dye) revealed a superior improvement of imaging depth upon clearing with ScaleS and Glycerol. Small spheroid volumes were seen with Clear T2 and CytoVista (Figure 1) . In the following, the observed changes were analyzed quantitatively.
Volume Changes of Spheroids Are Minimal With ScaleS and Glycerol
To determine the effects of clearing procedures on sample volume, spheroid diameters were determined from confocal image stacks. Additionally, original sample size and potential post-fixation changes of spheroid diameters were determined from bright field images taken before and after fixation. Figure 2 demonstrates that Mowiol, Clear T2 , and CytoVista caused significant reductions of HaCaT spheroid diameters, with the strongest effect for CytoVista (44.8 ± 0.7% loss). Conversely, ScaleS and Glycerol did affect spheroid sizes only to a minor extent and compared to the diameters right after fixation, these were unaltered. Similar results were obtained for all other cell FIGURE 2 | Aqueous clearing methods and detergent-containing hyperhydration prevent massive post-fixation volume changes. Upon growth to a diameter of approximately 300 µm, spheroids made of HaCaT keratinocytes were fixed, stained with anti-KI67 and DRAQ5, followed by optical tissue clearing or embedding as indicated. Spheroid diameters were determined from brightfield images before and after fixation and from confocal microscopy stacks after staining. (A) Representative brightfield images of spheroids before and after fixation as well as maximum projections of confocal image stacks upon staining and clearing/embedding as indicated. In the confocal panels, DRAQ5 and KI67 fluorescence signals are shown in magenta and green, respectively. Scale bars, 100 µm. Quantitative analysis of average spheroid diameter (B) and change of average spheroid diameter relative to pre-fixation state (C). Graphs depict mean + standard deviation (SD); n ≥ 9; *p ≤ 0.05, ***p ≤ 0.001. lines and tri-culture spheroids (Supplementary Figures S2, S3) , although shrinkage was less pronounced for HT29 and HTC-8 cells and B7_033#1NPC1 cells showed a slight volume increase.
ScaleS and Glycerol Improve Light Penetration Into Spheroids
To analyze light penetration into spheroids, single equidistant optical sections were prepared from top to bottom of the samples. Supplementary Table S2 summarizes the percentage decrease in light penetration of DAPI and Draq5 stains. In PBS, Mowiol, and Clear T2 samples, central regions of the spheroids already darkened at 50 µm of depth and signals were almost completely invisible at ∼ 150 µm of depth ( Figure 3A) . Conversely, ScaleS or Glycerol clearing preserved signal intensities at 100 µm of depth and central spheroid regions remained visible beyond 150 µm for DRAQ5 and KI67 (Figure 3A) . Ring-like localization of KI67 signals at 100 µm depth and below was as expected, because cell proliferation in HaCaT spheroids is limited to the spheroid rim. Due to the massive shrinkage of CytoVista-cleared spheroids, optical sections were here analyzed at 25 µm intervals (Figure 3B) . Normalized to spheroid size, light penetration was comparably good for ScaleS, Glycerol, and CytoVista samples.
Signal Intensity in Depth Depends on Clearing Method, Cell Line, and Fluorophore
To quantify the decay of DAPI and DRAQ5 signal intensities as a function of depth, mean intensities at each optical section were measured in circular ROIs placed in the central region of each spheroid. To compensate for clearing-induced volume changes of samples, depth values were normalized to pre-fixation diameters multiplied with the percentage change of swelling or shrinkage (normalized depth). Mean data were plotted for HaCaT spheroids in Figures 4A,B , and for all other cell lines in Supplementary  Figure S4 . This showed that different clearing protocols can be better suited to either DAPI or DRAQ5, or to a specific cell line. In all spheroids, maximal brightness values were seen in the upper parts of spheroids, followed by exponential decays. As indicated by the 50% and 90%-signal decay depths, Glycerol or ScaleS were superior for most of the samples ( Supplementary Table S3 ). CytoVista was good in HT29 and HTC-8 cells, whereas Clear T2 was not superior for any condition. Overall, 50% loss of signal intensity ranged from 85 to 133 µm of depth for DAPI and from 56 to 127 µm for DRAQ5 ( Supplementary Table S3 ). 90% loss of signal intensity ranged from 151 to 327 µm of depth for DAPI and from 133 to 331 µm for DRAQ5 ( Supplementary Table S3 ).
Depth-Dependent Decline of Signal-to-Noise Ratio Varies With Cell Type
Next, SNR was calculated by the ratio of mean signal intensity and the corresponding standard deviation of the background. SNR values were then plotted as a function of normalized depth (Figures 4C,D) and the depth up to which the Rose criterion (SNR > 5) was met was determined ( Supplementary  Table S3 ). In HaCaT spheroids, maximal SNR values of 79 and 72 were reached for DAPI and DRAQ5 in the upper parts of spheroids, followed by more or less rapid decays. Similar as for signal intensities, the depth for reaching the Rose criterion was mostly the largest in Glycerol or ScaleS samples, but also CytoVista showed good performance and was superior for DAPI in HaCaT, HT29, and HTC-8 cells, and for DRAQ5 in HaCaT cells ( Supplementary Figure S5 and Supplementary Table S3 ). For DAPI, the normalized depths to reach Rose criterion ranged from 122 to 219 µm, for DRAQ5 from 233 to > 332 µm.
Complexity of 3D-Cultivation Systems Affects Optical Clearing Efficiency
Although mono-culture spheroids are being used in many 3Dcell culture applications, more sophisticated approaches with different cell types in one model gain in importance. To evaluate the efficiency of tissue clearing for more complex cocultures, we included a recently published tri-culture spheroid melanoma model (Klicks et al., 2019) as well as a chip-based microarray co-culture of fibroblasts and breast cancer cells into our analysis. In addition, these models allowed to test the influence of optical clearing on the performance and stability of frequently used markers in cell culture, i.e., CellTracker dyes and stably expressed fluorescent protein. First, we examined the clearing with the melanoma model. This consisted of a CCD-1137SK fibroblast core, surrounded by HaCaT keratinocytes and clusters of SK-MEL-28 melanoma cells, the latter two labeled with CellTracker Red and Green, respectively. Additionally, samples were stained with DAPI and anti-KI67 (Figure 5A) . Embedding, optical clearing, and analyses were performed in analogy to mono-culture spheroids. Here, we observed similar post-fixation volume changes as for mono-culture spheroids, showing significantly reduced sample volumes for Mowiol, Clear T2 , and CytoVista (Supplementary Figures S2, S3) . For all tested methods, fluorescence of the different dyes was preserved, although to varying extent (Figure 5B) . The DAPI signal was best preserved with CytoVista, followed by Mowiol and Glycerol. With respect to Rose criterion, Glycerol performed best ( Supplementary Table S4 ), but none of the methods resulted in an absolute SNR cutoff depth higher than 89 µm ( Supplementary Table S4 ). Notably, this value was much less than those obtained for mono-culture spheroids of HaCaT cells (153 µm, Supplementary Table S3 ) and CCD-1137SK fibroblasts (175 µm, Supplementary Table S3 ). For CellTracker Green, Mowiol worked best and none of the tested clearing methods could improve depth penetration for this dye. Likely, this was due to the primary spatial localization of CellTracker Green-labeled SK-MEL-28 cells in the peripheral region of the tri-cultures.
Next, we addressed optical clearing in microarray chip-based co-cultures of CCD-1137SK fibroblast and MDA-MB231-ECFP FIGURE 5 | Optical clearing efficiency is affected by complexity of a spheroid-based tri-culture model. Melanoma tri-culture spheroids were generated starting with formation of a core spheroid of CCD-1337SK fibroblasts, followed after 72 h by simultaneous addition of HaCaT keratinocytes labeled with CellTracker Red and SK-MEL-28 melanoma cells marked with CellTracker Green. After another two days of cultivation, spheroids were fixed, stained with anti-KI67 and DAPI, and then embedded or cleared as indicated. Confocal 3D-imaging of whole spheroid cultures was performed. breast cancer cells. Here, cells were grown in collagencoated cavities with a diameter of 300 µm and a depth of 200 µm. Fibroblasts and cancer cells were labeled with CellTracker Red and stably expressed ECFP, respectively. Additionally, cells were stained with DRAQ5 and anti-KI67 (Figures 6A,B) . Except determination of clearing-induced volume changes and corresponding normalization of depth values, which were omitted, analyses were done as for spheroids. This revealed a particular sensitivity of ECFP to clearing. While Mowiol and Glycerol maintained ECFP signals, the other tested protocols led to a loss of signal intensity (Figure 6C) . This was particularly pronounced for Clear T2 , which abolished ECFP fluorescence almost completely. Signal loss was less dramatic for the other dyes, but overall only Mowiol, ScaleS, and Glycerol yielded a balanced maintenance of fluorescence for all dyes. While ScaleS and Glycerol led to an improvement of signal intensity in greater depth of the cavities, Mowiol performed badly in this aspect ( Supplementary Table S4 ). The depth-dependent Rose criterion cutoff of DRAQ5 signals was met for ScaleS and Glycerol at approximately 110 µm of depth (Figure 6D and Supplementary Table S4 ). In summary, these data revealed that complex 3D-cultivation systems pose an increased challenge for clearing protocols.
Optical Clearing and z-Compensation Improve Data Segmentation
To evaluate the effects of clearing on quantitative image analysis of 3D-datasets, the segmentation efficiencies of the different clearing methods were compared. Therefore, DRAQ5-stained nuclei and KI67 + cells were segmented and counted for all samples. This revealed a high variance between different clearing protocols and cell lines (Figure 7 and Supplementary  Figure S6 ). While nuclei in HaCaT spheroids could only be detected in the outer spheroid regions in PBS samples, Mowiol, Clear T2 , ScaleS, and Glycerol allowed improved segmentation of nuclei and KI67 + cells toward the spheroids core (Figure 7A) . Correspondingly, quantitative data showed significantly more nuclei and KI67 + cells with all clearing methods except for CytoVista as compared to PBS controls (Figures 7B,C) . Depending on the quality of signal preservation, depth penetration, and SNR, similarly enhanced segmentation results were also obtained for the other cell types (Supplementary Figure S6) . Overall, the most consistent improvements were observed for glycerol and ScaleS.
Notably, for all previous experiments, image acquisition was performed without depth-dependent adjustment of laser intensity or detection gain (z-compensation), in order to ensure comparability of methods. To test potential improvements of data quality and analysis by z-compensation, Glycerol-cleared HaCaT spheroids were imaged ± z-compensation by stepwise linear increase of excitation laser intensity, followed by quantification of depth-dependent signal intensity, SNR (Figure 8) , and segmentation (Figure 9) . Contrary to the data taken with static image acquisition parameters, z-compensation yielded almost constant levels for signal intensity (Figure 8B) and SNR throughout the central region of the entire spheroid (Figure 8C) . This also affected segmentation of nuclei, which was clearly improved in deeper spheroid layers upon z-compensation (Figure 9A) . As a consequence, counts of nuclei and KI67 + cells increased (Figures 9B,C) . Likely, because cell proliferation was enriched in the peripheral spheroid layers, the rise in nuclei and KI67 + cell counts occurred in a disproportional manner, leading to an altered percentage of KI67 + positive cells (Figure 9D) .
DISCUSSION
Recently, the increasing relevance of 3D-in vitro models in biomedical research has expanded the utilization of optical clearing methods from tissues and organs to 3D-cell cultures. However, investigations on cell type-and dye-dependent effects of optical clearing techniques have been sparse and not systematic. Ideally, a suitable optical clearing protocol should be easy to integrate into daily lab routine and manageable without specialized, cost intensive equipment or harmful chemicals. Moreover, sample integrity should be preserved and flexibility in the type of fluorescence labeling should be retained. Here, we compared simple clearing protocols with a range of cell types, dyes, and 3D culture conditions and found that soft clearing procedures such as RI-matching in Glycerol can work rather well for many applications.
Effects of Clearing on Sample Shrinkage
Clearing-induced changes in sample volume can be desired in some cases. For example, expansion microscopy relies on increased sample dimensions to resolve objects that are normally below the optical resolution limit (Chen et al., 2015) . However, this also leads to massive increase in time and resources needed for imaging, data processing and storage. In addition, expansion microscopy might affect sample or epitope integrity. On the other end, sample shrinkage might be advantageous for saving scanning and image processing time (Pan et al., 2016) , but there is a risk of losing spatial resolution and segmentation of densely packed structures for automated quantification becomes more difficult (Jonkman et al., 2014) . Thus, in most instances, preservation of sample volume is preferred for reasons of quantification, reproducibility, and structural integrity. Our results showed, that ScaleS and Glycerol were able to maintain post-fixation sample size, whereas Mowiol, Clear T2 , and CytoVista led to consistent further spheroid shrinkage, which was likely due to dehydration during tissue clearing (Pan et al., 2016) . The strongest alteration of sample volume was observed with CytoVista followed by Clear T2 . Previously, CytoVista was reported to cause only minor shrinkage. However, these studies referred to the clearing of tissues and not to small 3D structures such as spheroids (Hama et al., 2015; Ke et al., 2016; Bossolani et al., 2019) . Also, with Clear T2 , spheroids of human dermal fibroblasts (Costa et al., 2018b) and rodent-derived glioblastoma or neural stem cells (Dingle et al., 2015) showed no significant alterations of sample size. In contrast, constant monitoring of sample volume in an on-chip approach of optical clearing revealed an initial reduction of spheroid area by 20% (Grist et al., 2016) . These diverse findings may result from different protocols employed for immunostainings, pointing toward the influences of sample processing on the outcome of sample volume. In contrast to Clear T2 and CytoVista, optical clearing by our modified version of ScaleS did not alter the post-fixation sample volume. This is consistent with recent observations, where RI matching of spheroids used only ScaleS4 solution (Boutin et al., 2018) .
Effects of Clearing on Dye Preservation and SNR
Further principal factors in the selection of an appropriate clearing protocol are preservation of fluorescence signal intensity and its accentuation against a background of autofluorescence, with the latter being particularly critical for segmentation purposes. While all tested procedures yielded analyzable signal intensities at the upper object layers for DAPI, DRAQ5, AlexaFluor488, and CellTracker dyes, ECFP fluorescence was compromised with ScaleS and CytoVista and almost completely abolished by Clear T2 . On tissue sections, this effect of Clear T2 was already observed for GFP and YFP and attributed to the formamide-induced non-aqueous microenvironment which is part of this method (Yu et al., 2016; Li et al., 2017) . As for SNR, the maximal values were mostly higher for DRAQ5 than for DAPI regardless of cell type and clearing protocol. However, for both dyes, SNR decayed at a similar depth below the Rose criterion in non z-compensated image stacks. Importantly, z-compensation had a rather beneficial effect on keeping both, signal intensity and SNR, high over the entire spheroid range. This demonstrates, that proper z-compensation is a critical component for quantitative segmentation approaches and it suggests that SNR is dependent on fluorescence signal intensity even in confocal microscopy.
Effects of Sample Complexity on Clearing Efficacy
Clearing of complex 3D-co-culture systems revealed, that optical clearing is becoming less effective with increasing sample intricacy. Compared to respective mono-culture spheroids, a tri-culture model of fibroblasts, keratinocytes, and peripheral melanoma cells showed decreased sample transparency and depth-dependent image quality for all tested clearing methods. Similarly, the chip-based co-cultures of fibroblast and breast cancer cells were penetrated in an incomplete manner. We suggest, that not only cell typespecific characteristics, but also the interaction between different cell types affects efficiency of optical clearing, most likely due to altered compactness (Desmaison et al., 2018) and additional scattering sources such as DAPI  DRAQ5  DAPI  DRAQ5  DAPI  DRAQ5  DAPI  DRAQ5  DAPI  DRAQ5  DAPI  DRAQ5 Signal intensity
The color coding and the number of plus or minus signs corresponds to the overall ranking of clearing methods from worst (red, ---) to best (dark green, +++).
extracellular matrix (Senthebane et al., 2018) . This is of particular importance when intracellular (e.g., keratins) or extracellular protein composition change during naturally occurring differentiation and stratification processes, like in skin 3D-models.
Effects of Clearing on Segmentation
Precise segmentation of 3D microscopy data is fundamental to quantify changes between experimental groups at the single cell level, e.g., after treatment with a therapeutic agent. The image analysis pipeline used here combined a number of different pre-processing algorithms with a marker-controlled three-dimensional watershed segmentation approach that could reach an F-score of 0.88 (Schmitz et al., 2017) . However, to obtain high segmentation accuracy, excellent raw data quality is of paramount importance (Roeder et al., 2012; Bassel, 2015) . Notably, we observed gross differences in the number of segmented nuclei for the same samples cleared with distinct protocols. In addition, z-compensation during image acquisition proved to ultimately enhance data quality. Principal factors that determined image goodness were here found to be (i) high SNR, (ii) uniformity of SNR in xy and z, and (iii) appropriate resolution and packing of objects. Importantly, it is the combination of all three parameters that needs to be project-dependently optimized, because these will mutually affect each other.
Ad (i): as noted earlier, decent SNR values were obtained in the superficial layers of image acquisition for all clearing protocols and cell types. But even with the best clearing protocol, it tended to decay rapidly for all samples, if no z-compensation was used. Accordingly, data segmentation was accurate at the beginning of a data stack and deteriorated deeper within. Our analysis showed that segmentation was reliable at SNR around 20, while at the Rose criterion, i.e., SNR = 5, it was already insufficient. This does not necessarily mean that data with Rose level of SNR could not be properly analyzed. Indeed, we suggest that the algorithm used here would have still been able to detect most nuclei well, but given that the settings were optimized to segment robustly in a higher SNR range, the automated processing underperformed at lower SNR values. Thus, while a certain minimal SNR is needed, variability of SNR appeared to pose a critical major limitation, as well. Ad (ii): a general challenge with the imaging of 3D biological specimens is the non-linear scattering of light. As observed also in this study, that leads to an exponential loss in signal intensity beyond a certain depth. Furthermore, since biological specimens have mostly round shapes, peripheral parts of these objects are covered by thinner layers of scattering material than central or core regions and hence signal quality and brightness is higher in the periphery than in the core. Z-compensation as used here, can result in overexposure of peripheral zones, but fortunately, at least for the present study it did not pose a problem. Conversely, z-compensation not only amended the loss of SNR in depth but also the variation of SNR within one optical layer from border to center. In conclusion, z-compensation is highly recommended to obtain higher quality image stacks with 3D-cell cultures. Ad (iii): at high cell densities or low resolution, nuclei tend to overlap. Regularly, separation of such dense objects is a big challenge for segmentation algorithms (Jonkman et al., 2014) . For example, segmentation based on a 3D-seeded watershed algorithm detects regional differences in brightness. Diffuse and incomplete edges due to poor image quality will impede accurate and consistent object detection, especially if the nuclear staining is not homogeneously distributed (Toyoshima et al., 2016) . Sample shrinkage is a further factor that affects the segmentation accuracy adversely since the cell nuclei are more densely packed with more overlapping objects. This may lead to under-segmentation, and hence to a lower number of detected nuclei compared to the original sample (Blin et al., 2019) . It is likely, that the high variance in cell numbers between different clearing protocols as observed in the present study is at least partially due to sample shrinkage in combination with high cell density.
CONCLUSION
In summary, we showed that inherent characteristics of cell lines influence the outcome of optical clearing and that protocols should be chosen in a sample-dependent manner. Factors to consider include size, complexity and composition of 3D cultures. In our hands, the hyperhydrating method ScaleS and the aqueous high-RI solution Glycerol provided the best results concerning their ability to preserve fluorescence of applied dyes and proteins, while maintaining sample integrity (Table 2) . Furthermore, the choice of the clearing method and z-compensation also strongly influence quantitative image analysis and should be taken into account in experimental planning.
